Abstract. This paper investigates the use of seismic anisotropy and amplitude variation with offset and azimuth (AVOA) for fracture characterisation. Specifically the aim of this work is to provide links between rock and fracture properties, elastic modelling and the interpretation of seismic signatures to reduce the potential ambiguity when interpreting AVOA data. Analytical expressions and numerical modelling are used to highlight the sensitivity of AVOA to fracture properties. Furthermore, little prior attention has been paid to wave propagation in media with multiple fracture alignments or fractured media with a permeable matrix therefore an investigation of AVOA for these cases is included. P-wave AVOA is of obvious interest since there are more of these data. However converted wave and shear-wave AVOA are also investigated as these may provide additional insight into fracture characteristics. It is shown that P-P and P-S AVOA hold significant information about fracturing but potential ambiguity in the interpretation of these data is observed that could lead to incorrect determination of fracture orientation. This highlights the need for forward modelling with rock properties data to constrain the interpretation. Additionally, shear-wave (S-S) AVOA is shown to exhibit significant azimuthal variations which provide strong indications of fracture orientation but only at near offsets and little insight can be gained into other fracture properties.
Introduction
The presence of aligned fracturing can cause a medium to exhibit elastic anisotropy. Therefore observations of variations in seismic attributes, such as traveltimes, velocities or reflection amplitudes, can provide insight into the properties of fractures which are below the resolution of standard seismic techniques. Such information may be utilized to improve production in many hydrocarbon reservoirs by, for example, optimizing horizontal drilling and water floods.
Fracture characterization using seismic anisotropy has been previously demonstrated through a variety of methods. For example, Crampin and Lovell (1991) and Potters et. al. (1999) use shearwave splitting to characterize aligned fractures. Azimuthal variations in seismic velocities and traveltimes have also been shown to provide insight into subsurface fracturing (e.g., Crampin et al., 1986; Li, 1997; Horne et al. 1997) . Mueller (1991) and Kendall and Kendall (1996) observe direct correlations between shear-wave amplitude anomalies and areas of high hydrocarbon production attributed to aligned fracturing. Amplitude variation with offset (AVO) (see, for example, Castagna and Backus, 1993) has for a long time been recognized as a useful indicator of lithology (e.g., Ostrander, 1984; Rutherford and Williams, 1980) and pore fill (e.g., Castagna and Swan, 1997) . More recently, the analysis of P-wave amplitude variation with offset and azimuth (AVOA) has been utilised for fracture characterization (e.g., Thomsen, 1988; Lynn et al. 1995; Harwood et al., 1998; Mallick et al., 1908; Macbeth et al., 1999; Hall and Kendall, 1999; Hall et al., 2000a) . This paper investigates the effects of aligned fracturing on seismic reflectivity using numerical modeling and analytical analysis. The advantage of considering reflection amplitudes, over traveltime and velocity methods, is that it is not necessary to have significant lithological thickness to detect azimuthal variations in data. Thus AVOA provides good vertical resolution and characterizes azimuthal attributes local to the reflector of interest. By contrast, traveltime or velocity analysis show an accumulated effect through overlying layers.
To interpret anisotropy in seismic data for fracture characterization, it is first necessary to understand how the nature of the fracturing relates to the observations. Thus this work investigates the influence of aligned fracturing on variations, with angle and azimuth of incidence, of seismic reflection at an interface between anisotropic fractured media. First, the general reflection/transmission problem in anisotropic media is briefly reviewed, followed by the introduction of AVOA in media containing aligned vertical fractures using simplified equations for P-P AVOA. Following this overview, numerical modelling provides insight into the sensitivity of P-P, P-S and S-S AVOA to the properties of vertically aligned fractures. A more detailed investigation of P-P AVOA, using analytical equations, is subsequently given, since these data have been of significant recent interest (e.g., Geophysics special issue on P-wave anisotropy, 1999).
There has been recent interest in how the response of fractures to an applied stress is modified if fluid may flow from fractures to the surrounding matrix porosity in the time scale of a seismic wave (e.g., Thomsen, 1995; Hudson et al., 1996) . Therefore, the modeling and analysis in this paper, which first considers isolated fractures, are extended to take into account the hydraulic connectivity of fractures and equant matrix porosity. Furthermore, the case of a single alignment of fracture orientations with or without equant porosity is extended to consider multiple fracture alignments, since this is the more likely natural state. This provides insight into the expected AVOA signatures from multiple fracture sets and how this may change with the preferential closure of different fracture sets such as may result from changes in stress fields (e.g., during production).
This paper pays particular attention to P-waves, as there are obviously more of these data already in use. In addition, they are relatively cheap to acquire and easier to process in comparison to shearwave or converted wave data. Furthermore, P-wave AVOA has recently been of great interest in oil and gas exploration (e.g., Hall et al. 2000) . Nevertheless, other phases, e.g., shear-waves and converted waves (produced by phase conversion on reflection or transmission at an interface) are also treated, as these data are now becoming more commonly considered due to recent advances in processing and acquisition technology (i.e., 4C ocean bottom acquisition). These data may hold significant complementary information about fracture properties, so the potential for their use in fracture characterization is discussed. The main questions that are to be investigated in this paper can be summarized as follows. Are P-wave data alone capable of characterizing fracturing? What additional information can be gained from shear and converted phases? How will multiple fracture alignments affect the interpretation of data? How will hydraulic connectivity of fractures and pore-space affect AVOA properties?
AVOA in anisotropic, fractured media
The reflectivity of an interface depends on the slownesses (and therefore the phase velocities) parallel to the reflecting interface. As velocities vary with azimuth in fractured media, it is therefore clear that AVO will depend on fracture characteristics and vary azimuthally. This section investigates reflection coefficients in anisotropic fractured media. The azimuthal variation in P-P reflection is investigated in more detail. However, numerical modeling in the following sections includes shear and converted phases in order to assess their usefulness in AVOA analysis for fracture characterization.
Reflection from an interface between isotropic media is relatively simple, with coupled P and waves producing secondary P and waves only and incident waves being reflected or refracted as just waves. Exact reflection and transmission coefficients for plane waves at a boundary between two isotropic half-spaces are provided by Aki and Richards (1980) . However, data analysis usually employs simplifications of the exact solution such as those provided by Chapman (1976) and Shuey (1985) for P-P reflection, which have the general form (1) for an incidence phase angle i. The terms A, B and C are defined by Chapman(1976) as (2) Here is the P-wave impedance and is the shear modulus where , and are, respectively, the P-wave velocity, shear-wave velocity and density. The symbol indicates differential values. For example, , and the over-scored terms are the average values, e.g. , where the subscripts, 1 and 2, indicate the properties of the upper and lower bounding media, respectively.
The extension of the reflection and transmission problem to include anisotropy requires an understanding of the anisotropic elasticity of the bounding media and slownesses of the propagating waves.
For horizontally layered (VTI) media this extension is relatively straightforward, as the horizontal slownesses and elasticity do not change with direction, so, as with the isotropic case, there are coupled P and phases uncoupled from the waves (see, for example, Thomsen, 1993) . When azimuthal anisotropy exists (e.g., in a vertically fractured medium) the reflection coefficients will have a dependence on both the angle and azimuth of incidence, so the problem is now in three dimensions. Furthermore, the energy of a wave incident at such an interface is partitioned between six possible secondary waves (three reflected and three transmitted; see Figure 1 ). To demonstrate the nature of AVOA in azimuthally anisotropic media, the case of P-P reflectivity from a layer with a single set of aligned fractures is discussed using simplified equations. The derivation of a general method for calculating exact reflection coefficients in anisotropic media (used in the numerical modeling of this paper) is outlined by Guest (1998) and Guest et al. (1993) , so here an exhaustive review is omitted.
Equation 1 presented the general form for P-P AVO in azimuthally isotropic media. However, as discussed above, if either of the media bounding the interface is azimuthally anisotropic, the AVO will have an azimuthal dependence. Rüger (1998) and Vavryčuk and Pšenčík (1998) extend the basic AVO approximation (equation 1) to provide analytical equations describing P-wave AVOA in media with a single fracture alignment. Thus the P-P reflection amplitude, , may be given (after Rüger, 1998) ters across the reflecting interface (4) Here and are now the vertical P-wave impedance and shear modulus for the vertical (fracture parallel) P-wave and the shear-wave velocities, and , respectively, and density, . The parameters and are the alternative Thomsen parameters used by Rüger (1998) to study HTI media, defined as (5) where the terms and are the rotated Thomsen parameters defined in Appendix A. The function f is defined as , where and are the velocities perpendicular to fracturing. Rüger (1998) uses the same definition of as Thomsen (1995) .
From equation (3), it can be seen that the P-P AVO will vary with azimuth by a combination of and components. However, many previous studies have been based on the assumption of only a (elliptical) azimuth dependence in AVO (e.g., Mallick et al., 1998) . At near offsets only the terms, in equation (3), will be significant since at these offsets is small. This suggests that at near offsets the assumption of a variation in AVO with azimuth may be valid. For longer offsets the magnitude of increases, so the variation with will be increased and the azimuthal trend may no longer be elliptical. Thus for longer offsets the assumption of ellipticity may not be valid and could lead to erroneous conclusions. Furthermore, the sign of D, describing the elliptical nearoffset azimuthal variation in the AVO, can be positive or negative, as can that of the isotropic AVO gradient B. This means that the direction of the maximum AVO gradient does not necessarily coincide with the fracture strike orientation, as often assumed (e.g., Mallick et al., 1998) , and may lead to confusion in interpretation.
From the discussion above it is clear that there may be ambiguity in the interpretation of AVOA in terms of fracture characteristics and orientation. The following section presents numerical modeling to gain insight into how reflection amplitudes vary with offset and azimuth in media with fracture-induced seismic anisotropy. In addition to P-P AVOA, P-S and S-S reflections are also presented in order to investigate how these data may be utilized in fracture characterization. Following this modeling, further analysis of P-P AVOA is provided in order to quantify some of the observations and to provide insight into how AVOA data may be used for fracture characterization.
Numerical modeling of AVOA in media containing vertical fractures
In this section, calculated reflection coefficients are used to assess the sensitivity of AVOA to changes in fracture parameters. The reflection coefficients are calculated using the FORTRAN program RE-FVEC (Guest and Kendall, 1993) , which is based on the theory outlined in Guest (1993) and Guest et al. (1998) . Plots of AVO and AVAz (amplitude variation with azimuth) show the total displacement ratio for the incident versus reflected wave amplitudes as a function of incidence angle or azimuth. Fracture-induced anisotropy is modeled using the EFFECH approach (Hall, 2000, see Appendix B) to investigate the change in AVOA due to variations in the fracture aspect ratio (d) and crack density ( ). The model comprises an isotropic shale ( and ) overlying a fractured chalk ( and ) with a gas or brine fracture fill. P-P, P-S and S-S phases are compared to assess the relative merits of each phase for fracture characterization. The P-S phase considered here is the P-qS conversion at the reflecting interface. In a marine environment the S-S reflection results from P-S conversion on transmission at the sea floor.
A P-wave or -wave incident at a boundary in anisotropic media will be reflected as a P-wave and two shear waves (see Figure 1 ). In the model used here, the overlying medium is isotropic, so only a single shear wave will be reflected. However, due to the anisotropy of the lower medium, the reflected shear wave will not be a pure -or -wave. This shear wave will have both horizontal and vertical components of displacement, with magnitudes indicated by the reflected and displacement ratios. The displacement will lead to a nonzero amplitude on the transverse component of multicomponent seismic data, and the will contribute to the radial and vertical records.
The AVOA for incident P-and -waves are plotted in Figures 2 and 3 for and and a brine or gas fill, respectively. From these figures it is clear that significant azimuthal variation in the P-P and P-reflection amplitudes will be observed only at longer offsets, near to the P-wave critical reflection angle (marked by the peak in reflection amplitude). However, both phases appear to show greater azimuthal variations for gas-filled fractures than for a brine fill. It should be noted that this conclusion is dependent on the particular model or the offsets being considered and later sections show cases where the opposite is true. At short offsets the -AVO shows significant variability with azimuth but little difference between a brine and a gas fracture-fill. Other significant features, highlighted by Figures 2 and 3 , that could be used for fracture characterization are (i) variations in the onset of the P-P critical reflection, (ii) changes in the angle at which the shear-wave reflections switches polarity and (iii) the presence of energy on the transverse component (i.e., nonzero S reflection amplitude). The P-P critical angle, , is indicated by the sharp peak in amplitude around to and occurs at shorter incidence angles as the azimuth of incidence moves away from the fracture normal. A similar trend is observed for the angle at which the component changes polarity (appearing on the plots as a decrease to zero in the P-S reflection amplitude, followed by an immediate, abrupt increase). Transverse energy will be recorded only along azimuths oblique to the fracture-strike and fracture-normal directions where the component is coupled with the P-and components. All of these features may be clear indicators of anisotropy, although 3D structure can also produce similar effects.
Figures 4-7 show the P-P, P-S and S -S AVAz for a range of fracture parameters and three fixed incidence angles. For an incident P-wave, three incidence angles below the P-P critical reflection angle are considered: and ( is around ). For an incident -wave, incidence angles of and are considered, since significant variations are seen at short offsets for these phases and to avoid complex amplitudes, which will occur after the onset of the first shear-wave critical reflection angle at around . The first general observation from these plots is that the azimuthal variations in reflection amplitudes have and periodicities. These periodicities have the form of and , respectively, as described in equation (3). Furthermore, the trend is seen to be positive or negative, with respect to the azimuth from the fracturenormal direction. Figure 4 shows the dependence of the AVAz on the aspect ratio of brine-filled fractures. At near offsets (up to about ) the P-P reflection shows a positive trend when the aspect ratio is very small (around 0.0001) and a negative trend with a higher aspect ratio. When the incidence angle is greater than about , there is a dependence with low aspect ratios, but for aspect ratios higher than about 0.01, a negative trend dominates. For all offsets, decreasing the aspect ratio reduces the volume fraction of the low-velocity fractures, so the aggregate velocity is higher and the overall reflection amplitude is increased. The P-phase has a negative dependence for low aspect ratio, at short offsets, and a azimuthal variation as the incidence angle increases. Larger aspect ratios provide a positive trend. The -reflection shows significant azimuthal variations for a vertically incident wave, although in a marine survey it is unlikely that it would be possible to acquire such incidence angles. However, the short-offset data are viable, and these show a simple negative dependence, which has little dependence on aspect ratio until around incidence, where a component influences the AVOA signature. With a gas fracture-fill, Figure 5 , trends very similar to those described for a brine fill are seen. However, the range of aspect ratio used is much lower than in Figure 4 , and the variation in P-P reflection is only observed at and with an aspect ratio lower than 0.0001 (compared to about 0.01 for a brine-fill).
In Figure 6 the variations of AVAz with crack density are presented. For all phases AVAz has very little sensitivity to the crack density term for brinefilled fractures. For gas-filled fractures ( Figure 7 ) there is a significant change in the AVAz with crack density, but this is mainly a change in magnitude of the azimuthal anisotropy and not a change in symmetry. This effect is due to a large influence on the aggregate velocity when the crack density, and therefore volume fraction, of gas-filled fractures are changed.
AVOA in fractured media with equant porosity
As outlined in the introduction, the presence of hydraulic connectivity between fractures and equant porosity will alter the response of fractures to an applied stress (e.g., Thomsen, 1995) . Thus the azimuthal variation of AVO in fractured media with a permeable matrix will be different from that with a non-permeable matrix. The AVAz analysis is therefore extended to include equant porosity using the EFFECT approach to model the effective elasticity (Appendix B).
Figures 8 and 9 show equivalent AVO plots to Figures 2 and 3 but with 1% equant porosity included in the model. The first observation is that the longoffset azimuthal variations are greater, for both the gas and brine filled cases, for the P-P and P-reflections but the -phase appears largely insensitive to the presence of the equant porosity.
Figures 10-11 show how the AVAz changes as the fracture aspect ratio and crack density are varied with equant porosity present. From Figure 10 it can be seen that the variation with aspect ratio is not very sensitive to the introduction of equant porosity, especially for the -phase. However, for the case without equant porosity a rapid increase in anisotropy with increasing aspect ratio was seen, at low aspect ratio, but this does not occur when there is equant porosity. Figure 11 shows that the crack density becomes a more significant factor when equant porosity is included in the system. Without equant porosity crack density only influenced the magnitude and not the symmetry of the anisotropy. With equant porosity, for P-P reflection and incidence angles greater than about , there is a negative azimuthal variation for low crack density. However with increased crack density there appears to be a significant component also. At smaller crack densities there is a negative variation. For a angle of incidence a positive trend dominates for larger crack density but the anisotropy is small. The Pphase shows a similar dependence on crack density to the P-P phase. The -phase shows a consistent negative variation, for offsets less than , with little sensitivity to changes in the fracture parameters. Figure 12 shows that increasing the degree of equant porosity produces a very similar result to increasing the aspect ratio (Figure 10 ).
Constraints on interpretation of P-wave AVOA for fracture characterisation
The previous section has shown P-P AVOA data to be highly model dependent and variations with azimuth by a combination of positive-or negativeand were observed. However, as highlighted in the introduction, many studies are based on the assumption of only a azimuthal variation in AVO. The analytical equations, (3) and (4), provide a means for assessing the validity of this approximation and for quantifying some of the observations made in the previous section. Only P-waves are considered here since these are the primary interest in recent studies where P-P AVOA data are analysed and interpreted for fracture characteristics e.g., Hall et al., 2000a; . Future work should seek to provide equivalent simplified AVOA equations for the P-S and S-S reflections to allow a similar analysis to be applied. Primarily this section seeks to determine when the elliptical AVAz assumption is valid and when the variation is positive or negative.
To gain insight into the dependence of the P-wave AVOA on the model parameters equations (3) and (4) may be given in terms of the host rock parameters and fracture variables. Since the major- ity of the information that may be gained about fracturing is determined from the azimuthal variation in the AVO only the coefficients of the azimuthally varying terms are considered in this discussion. This is achieved using the Thomsen parameters given in Appendix A (equations A.1-A.3) with a further weak anisotropy assumption that and ) (Rüger, 1998) . Therefore, for an isotropic medium over a vertically fractured medium, the coefficient of , from equation (3), is given as (6) and the coefficient of is (7) Using equations (B.14) and (B.15), these coefficients are written in terms of the additional fracture compliances of Schoenberg and Sayers (1005) , and , (see Appendix B) for the coefficient of ,
and the coefficient of ,
In these equations, where and are the lamé parameters and the Poissons ratio of the isotropic background medium of the fractured unit.
Equations (8) and (9) indicate that if the background P-and S-wave velocities of the unfractured material bounding the reflecting interface are known, the only factors which affect the nature of the azimuthal variation in AVO are the normal and tangential fracture compliances of the fractured medium. This result could be useful in the inversion of AVOA data if the AVAz signature can be separated into the and components as in equations (8) and (9). This may be possible through Fourier analysis of the AVAz for a fixed offset as demonstrated by Sayers (1999) for noise-free synthetic data.
It has been highlighted in the preceding discussion that there could be an ambiguity in the determination of fracture orientation due to the changing sign of the near-offset AVAz trend. For example, from equation (8), increasing the incidence angle or fracture-normal compliance will lead to a more negative term since the negative part of the coefficient will be increased. Additionally it has been suggested previously (e.g., Mallick et al., 1998 ) that the variation in AVOA will be elliptical but it has been shown in this work that there could be a significant component to the AVOA in some situations. To investigate the changing sign of the term and also when a trend must be considered the magnitudes of the coefficients from equations (8) and (9) are plotted for a range of crack densities, aspect ratios and equant porosity values in Figures 13 and 14 . Figures 13 and 14 show that, in general, when there is no equant porosity, both the and terms have an approximately linear scaling with respect to the crack density. Furthermore, an increasingly negative term is seen as the aspect ratio is increased (corresponding to an increasing fracture-normal compliance) so that a change from positive to negative occurs and in this region the term will dominate. With gasfilled fractures the switch to a negative variation occurs at an aspect ratio of about 0.0005 which is much lower than for the brine-filled case where the switch occurs for aspect ratios between about 0.02 and 0.03. Furthermore there is a greatly reduced sensitivity to aspect ratio for values greater than about 0.001 when there is a gas fill. 
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of the P-wave AVAz for gas-filled fractures with varying crack density and aspect ratio and different degrees of equant porosity. Comparison of the magnitudes of the (solid lines) and (dashed lines) components of the P-wave AVAz for reflections at the top of a fractured permeable chalk with gas-filled fractures and varying crack density or aspect ratio at incidence angles of and and different degrees of equant porosity ( varies from 0.0-0.1 in 100 equal steps as indicated by the arrows).
With equant porosity it is seen that the sensitivity to aspect ratio is reduced as the degree of equant porosity is increased. However, crack density becomes a more important term, especially for brine-filled fractures. As the amount of equant porosity is increased further the sensitivity to crack density is, however, also reduced.
This section has shown that the azimuthal variation in P-P AVO is often dominated by a variation with azimuth, especially for gas-filled fractures and at near offsets, but this trend could be positive or negative. The assumption of an elliptical P-P AVAz variation may therefore often provide a fracture orientation direction but the actual direction of the fracture strike, as opposed to the perpendicular direction, will be ambiguous. However it is possible that this characteristic could be utilised to detect changes in the fluid-fill of the fractures (e.g., MacBeth, 2000) .
If longer offsets are used in the analysis the AVAz may possess a significant variation (only for a small subset of models, i.e., brine-filled fractures with aspect ratios around 0.02-0.03 and low equant porosity will there be a dependence at nearoffsets; see Figures 13 and 14) . Thus approaches based on an elliptical AVAz assumption may not always determine a clear fracture orientation and the result could depend largely on which azimuths are sampled. Furthermore, this section has highlighted that P-P AVOA contains significant information on fracture properties, particularly at these long offsets, which may provide greater insight than would be obtained from any near-offset data or shear-waves. Therefore it would be desirable in the future to utilise these longer offsets but this will require well constrained rock property models due to the model dependent nature of these variations.
AVOA in the presence of multiple-fracture alignment
Multiple fracture sets could significantly affect the interpretation of AVOA for fracture characteristics or permeability and there is a potential problem as to whether the direction of maximum permeability can be correctly determined using AVOA. Sayers (1998; 1999) briefly considered this problem and suggested that with multiple fracture alignments there may be higher order azimuthal variations in AVO than the previously suggested and trends (i.e, a component may exist also). This section aims to provide insight into AVOA signatures over multiple fracture sets using numerical modelling as presented in the previous sections for a single fracture alignment.
Figures 15 and 16 show the change in AVAz when there is an increase in the inter-fracture angle between two identical, vertical fracture sets which have a brine or gas fill respectively. In general it appears that two sets of identical fractures produce an AVOA signature which is similar to that which would be observed from a single set. The orientation of this "apparent fracture set" is in the direction which bisects the acute inter-fracture angle; this will be referred to as the median azimuth. However at long offsets and with a large inter-fracture angle the P-P and P-S AVOA are different to that from a single fracture alignment. Therefore it may be possible to detect the presence of two discrete, but identical, fracture sets using P-P or P-S AVOA. For liquidfilled fractures this requires an inter-fracture angle greater than about and for a gas-fill greater than about . For example, two identical, vertical fracture sets aligned orthogonally to each other produces AVAz with a four-fold rotational symmetry with the higher P-P amplitudes along the fracture parallel directions.
Figures 17-21 show the AVAz profiles for a model where there are two sets of aligned, vertical fractures at and azimuth (analogous to a con-jugate set of fractures). It can be seen from Figure  17 that if the crack density of the two fracture sets is varied by the same amount and all other factors are fixed only the magnitude, and not the symmetry, of the azimuthal variation changes. However, if the aspect ratio of the two fracture sets is changed ( Figure  18) , and all the other parameters are constant, the AVAZ changes character. For low aspect ratio fractures (less than about 0.03) and angles of incidence around it is possible to distinguish the P-P and P-AVAz signatures of a conjugate set of fractures from the AVAz due to a single set. For larger aspect ratios the AVAz resembles that due to a single set of fractures aligned along the median azimuth. However, for short-offsets, especially with thedata, the AVAz is similar to that from a single fracture alignment along the median azimuth, for all aspect ratios.
A more likely scenario, involving multiple fracture alignment, is one where the fracture sets are not identical. For example, if there is more than one direction of fracture alignment, one set will often be more open than the others due to the present day stress regime (i.e., fractures parallel to the maximum stress direction will be more open than those perpendicular to it). Therefore one set is likely to have a higher aspect ratio or crack density than the others. Figures 19 and 20 show how the AVAz for brinefilled and dry fractures varies for two sets aligned as above but with the crack density of one set varying. From these figures it is seen that, particularly with the -data, the AVAz resembles that due to a single fracture alignment for all values of crack density but the apparent alignment varies. As the crack density of one set is reduced this apparent alignment moves closer to the azimuth of the fracture set with higher crack density. Figure 21 shows the case where the aspect ratio of one set is varied whilst all other parameters are constant. It can be seen here that if the aspect ratio of one set is increased the AVAz becomes more like that due to a single fracture alignment centred on an azimuth approaching that of the wider fracture set.
Conclusion
The variations in AVOA in fractured media have been investigated through numerical modelling and analytical equations. Single and multiple fracture alignments have been considered for models with an impermeable matrix and models where fractures are hydraulically connected to the surrounding matrix porosity. These examples have indicated that seismic reflectivity can be highly sensitive to the properties (e.g., orientation and density) of aligned fracturing. An advantage of reflectivity methods is that the observed azimuthal variations have a much greater dependence on properties local to a single reflector. Travel-time methods are influenced by the properties along the whole ray-path so the observed anisotropy in travel-time data will be an aggregate effect from all the overlying layers. There must also be a sufficient thickness through which the wave must propagate before substantial variations can be observed in travel-times.
From the detailed observations made in this paper, AVOA appears to be highly model dependent. However, a number of general observations can be made on the sensitivity of AVOA to variations in the fracture parameters; these are summarised below.
Azimuthal variations in AVO in fractured media
Numerical modelling showed that azimuthal variations in AVO have a significant sensitivity to fracture properties. Analytical expressions were presented which allowed quantification of this sensitivity. To aid future interpretation of such data for fracture characteristics some general constraints are highlighted below.
For fractures with low normal compliance, , (e.g., fractures with low aspect ratios, a brine fill or high crack density with low matrix porosity) there is more likely to be a azimuthal variation in P-P and P-AVOA or, for very low aspect ratio and little equant porosity, a positive trend.
For fractures which have a large compliance (e.g., those with higher aspect ratio, a gas fill or in the presence of high equant porosity) the P-P and P-AVAZ are more likely to show a negative trend.
In general, when there is no equant porosity it is seen that aspect ratio is the most important factor in defining the azimuthal symmetry in AVOA. In this case, crack density has no influence on the symmetry of the azimuthal variations and only changes the magnitude.
When equant porosity is included in the system the fractures are more compliant and crack density becomes the most significant factor in defining the azimuthal symmetry in AVOA. However, this effect is less pronounced with dry fractures which are already highly compliant.
S -S AVOA shows little sensitivity to changes in rock and fracture parameters but provides significant, consistent indications of fracture orientation at near offsets.
AVOA in media with multiple fracture alignments
Modelling in this work also considered the case where there are two different alignments of fractures. This showed that P-P and P-S AVOA are the attributes that are most sensitive to the interfracture angles and fracture properties when there is more than one set of fractures. If there are two identical sets of parallel fractures they will be distinguishable, using azimuthal trends in AVOA, from a single fracture alignment for low compliance fractures (e.g., fractures with low aspect ratio) and a large inter-fracture angle. If there are two sets of fractures which are not identical the AVOA signatures will resemble that from a single fracture set with an alignment nearer the azimuth of the fracture set with higher crack density or larger aspect ratio.
These observations indicate that AVOA will in general provide an accurate prediction of the direction of maximum permeability.
P-P vs P-S vs S-S AVOA for fracture characterisation
One of the aims of this work was to determine if Pwaves alone could be used to characterise aligned fracturing. P-P and P-S AVOA have been shown to have the most potential for fracture characterisation. Due to the complicated nature of these phases (i.e., the trade-off between and terms which is sensitive to the fracture characteristics) there is potentially more information to be gained from these data than from, say, shear-wave splitting analysis. It is also observed that the P-P AVOA shows greater anisotropy and sensitivity to changing crack density for gas-filled fractures whilst P-AVOA appears to better for liquid-filled fractures. The shear-wave (S -S) AVOA shows critical reflections at much shorter offsets than with incident P-waves but significant azimuthal variations are observed in these data which will provide strong indications of fracture orientation but little insight into other fracture properties.
eralized ray theory in vertically inhomogeneous media: Geophys. J. Roy. Astr. Soc., 46, 201-233. Crampin, S., 1984 where, (B.6) This representation describes the excess compliance due to the most general form of low aspect ratio fracture sets. However, if the fractures are rotationally invariant about their normal axis and have no significant preferential slip direction the fracture system compliance tensor may be simplified. For such fractures is reduced to three non-zero elements which are given by just two independent terms, and , the normal and tangential fracture compliances, (B.7) where is the Kronecker delta. The excess compliance due to a single set of rotationally invariant fractures, with fracture normals oriented parallel to the axis, is therefore (Schoenberg and Sayers, 1995) If the elastic properties of the isotropic matrix in a fractured medium are known then theoretically it will be possible to determine the excess compliance due to aligned fractures from seismic data. Thus and represent the smallest amount of information that may be determined uniquely from data about aligned fractures. To further characterise aligned fracturing or forward model the effective elasticity of a fractured medium it will be necessary to determine and from given rock and fracture properties.
One of the strengths of the above approach for modelling the effective elasticity of fractured media is its generality, such that few assumptions need be made about the nature of aligned fracturing. However, this can also be a drawback. This general approach is extended (Hall, 2000) by drawing parallels with other fracture theories to create a hybrid scheme for describing the elasticity of fractures and fractured media. For the modeling presented in this work two approaches are used, one appealing to Hudson (1981) (EFFECH modelling) and the other to Thomsen (1995) (EFFECT modelling) to define the additional fracture compliance terms; these are briefly described below.
EFFECH Modelling
The approach of Hudson (1980; 1981; determines the scattering effect of a single crack using the discontinuity in displacement across the crack faces described by an average fracture parameter, , similar to above, such that, (B.10)
after Hudson et al. (1996) . Comparing (B.10) and (B.4) the fracture compliance is given as, (B.11) where is the crack density defined as where N is the number of cracks, V the total volume of the medium and a the radius of the cracks.
For rotationally invariant fractures can be reduced to two terms and . From (B.11) these terms relate directly to and , respectively. Hudson (1981) and Crampin (1984) give and for the case of a single penny-shaped crack, containing a weak isotropic material (with Lamé parameters and ), (B.12) where, (B.13)
is the bulk modulus of the crack-fill such that . Equations (B.12) and (B.13) can be written in terms of velocities of the isotropic rock matrix by simply replacing by and by . Thus and can be determined for penny-shaped cracks using equations (B.11) to (B.13).
EFFECT modelling
The effect of having equant matrix porosity into which fluid may flow from fractures, thereby hydraulically connecting the fractures and pore space, may be included in the EFFEC modelling by appealing to the Thomsen (1995) formulation outlined in Appendix A. Thus new definitions of the excess compliances for penny-shaped cracks in a permeable matrix can be derived by comparing (A.1)-(A.3) and (B.9) (Hall, 2000) , (B.14) (B.15) 
